We present ∼ 400 ks NuSTAR observations of the northeast (NE) and southwest (SW) non-thermal limbs of the Galactic SNR SN1006. We discovered three sources with X-ray emission detected at 50 keV. Two of them are identified as background AGN. We extract the NuSTAR spectra from a few regions along the non-thermal limbs and jointly analyze them with the XMM-Newton spectra and the radio data. The broadband radio/X-ray spectra can be well described with a synchrotron emission model from a single population of CR electrons with a power law energy distribution and an exponential cutoff. The power law index of the electron particle distribution function (PDF) is ≈ 1.88 − 1.95 for both the NE and SW limbs, and we do not find significant evidence for a variation of this index at different energy (curvature). There are significant spatial variations of the synchrotron emission parameters. The highest energy electrons are accelerated in regions with the lowest expansion velocity, which is opposite to what has been found in the Tycho's SNR. In addition to a gradual steepening of synchrotron emission from the center of the non-thermal limbs to larger azimuthal angles, we also find that both the emission spectrum and the PDF are significantly flatter in three regions in the SW limb where the shock encounters higher density ambient medium. The NE limb also shows significantly higher cutoff energy in the PDF than the SW limb. By comparing with the roughly symmetric TeV emission and largely asymmetric GeV emission from the two non-thermal limbs, we conclude that the asymmetry in the ambient medium and magnetic fields may have largely modified the acceleration and emission of CR leptons.
1. INTRODUCTION Supernova remnants (SNRs) are thought to be efficient sites accelerating cosmic rays (CRs) up to the "knee" of Galactic CR spectrum (at ∼ 3 × 10 3 TeV; e.g., Blandford & Eichler 1987; Blasi 2013) . Non-thermal emissions in radio and hard X-rays associated with young SNRs are often best modeled with synchrotron emission of leptonic CRs, so have been adopted as direct evidence of shock acceleration of CR particles (e.g., Koyama et al. 1995) . The shape of the particle distribution function (PDF) responsible for the synchrotron emission is often characterized by two key parameters, the slope and cutoff energy. The slope of the PDF can be modified by non-linear acceleration processes and other micro-physics (e.g., Caprioli 2012) , while the cutoff energy, or typically the maximum energy a shock accelerated particle can reach, could be limited by a few physical processes, such as the synchrotron radiative loss, the limited acceleration time, and the change of the available magnetohydrodynamic (MHD) waves above some wavelength (known as loss-, time-, or escapelimited accelerations; e.g., Reynolds 2008) .
The remnant of the supernova (SN) AD1006 (SN1006) is of particular scientific interest as a well known site of CR ac-celeration in a relatively clean environment (high Galactic latitude with no significant molecular cloud, e.g., Dubner et al. 2002) . The nonthermal nature of the X-ray spectrum was suggested as early as in the Einstein era (e.g., Becker et al. 1980) , and was confirmed with ASCA observations (Koyama et al. 1995) . In the two prominent limbs located in the northeast (NE) and southwest (SW) quarter of the SNR shell, the radio/X-ray correspondence is striking even in fine structures, suggesting that the nonthermal hard X-ray emission is primarily synchrotron radiation produced by the same population of shock-accelerated electrons responsible for the radio emission (e.g., Winkler & Long 1997) . Later Chandra and XMMNewton observations resolved the fine structures of the nonthermal filaments (e.g., Long et al. 2003; Bamba et al. 2003) , and revealed significant spatial variations of the synchrotron emission parameters (e.g., Rothenflug et al. 2004; Allen et al. 2008; Miceli et al. 2009 Miceli et al. , 2014 Li et al. 2015) .
Observing the spatial variation of the shape of multiwavelength synchrotron spectrum provides us a lot of information about the physics of particle acceleration, such as the energy spectrum of the accelerated electrons, the strength and structure of the magnetic field, and the physical mechanisms limiting the maximum energy achieved by the accelerated electrons, etc. (Reynolds 2008) . Dyer et al. (2001) jointly fitted the available X-ray, radio, and TeV data and found that extrapolating from the measured radio fluxes grossly overpredicts the X-ray flux. Bamba et al. (2008) make use of the wide-band Suzaku observations to determine the roll-off frequency of the power law in X-rays, and found it is significantly higher in the NE than in the SW. Katsuda et al. (2010) found that there is a spatial correlation between the nonthermal X-ray flux and the cutoff frequency in the NE limb. This result may indicate that the cutoff frequency depends on the magnetic-field strength, which is a natural prediction of the time-or escape-limited scenario, but not the loss-limited scenario (Reynolds 2008) . However, Miceli et al. (2013) found that a synchrotron radiative loss limited model provides better fit to all the X-ray spectra of the nonthermal limbs than acceleration time limited or escape limited models. These different conclusions can be reconciled in a loss limited scenario if the rate of particle injection and/or acceleration depends on some effects not yet accounted for, e.g., the shock obliquity.
Previous modeling of the broad-band synchrotron emission from radio to hard X-ray in SNRs is often limited by two issues: (1) the radio data either lacks spatial resolution in single-dish observations or is inaccurate in flux due to the limited u, v coverage in interferometry observations. (2) the soft X-ray emission at
(1 − 2) keV is often dominated by the thermal component and the hard X-ray emission at (7 − 8) keV has low resolution and sensitivity.
In this paper, we present spatially resolved joint analyses of the broad-band synchrotron spectra from the two nonthermal limbs of SN1006, based on the high-resolution fluxaccurate radio image from Dyer et al. (2009) , the archival XMM-Newton data analyzed in Li et al. (2015 Li et al. ( , 2016 , and a large NuSTAR program approved in Cycle 1. We will present analysis of the NuSTAR data in §2, joint analysis of the radio, XMM-Newton, and NuSTAR spectra in §3, and discuss the results in §4. The conclusions will be summarized in §5. Errors are quoted at 1 σ confidence level throughout the paper. (Fig. 1) .
We reprocess the NuSTAR data using the standard NuS-TAR pipeline data reduction tool nupipeline. We have applied strict criteria regarding passages through the South Atlantic Anomaly (SAA) and a "tentacle"-like region of higher activity near part of the SAA, i.e., by setting SAAMODE=STRICT and TENTACLE=YES when calling nupipeline to create Level 2 products. The background is stable with no strong flares in the lightcurve, so no further filtering has been adopted. The final effective exposure times are 181.49 ks (NE limb, telescope A), 180.95 ks (NE limb, telescope B), 188.37 ks (SW limb, telescope A), and 187.63 ks (NE limb, telescope B), respectively. Compared to a less strict setting of SAAMODE=OPTIMIZED, the resultant effective exposure time is ∼ 7% shorter.
Background Analysis
We analyze the NuSTAR background using the software package nuskybgd (Wik et al. 2014 ). There are in general four major components of the NuSTAR background, which are discussed in detail in Wik et al. (2014) . (1) Internal background I d (E). The internal background is comprised of two components: a featureless continuum plus various activation and fluorescence lines. The lines dominate the background in 22-32 keV, although some weaker lines are still present at higher energy. There is no significant spatial variation of the internal background across a given detector. Li et al. (2015) . The two white boxes roughly outline the FOV of the NuSTAR observations. The small black circles are the XMM-Newton spectral extraction regions of the three point sources detected by NuSTAR (Figs. 2, 4) . design of the telescope, so a fraction of the unfocused X-rays could strike the detectors. It is therefore expected that this "Aperture" background depends on the position (x,y) on the focal plane. The spectral shape, on the other hand, is consistent with the cosmic X-ray background (CXB). (3) Scattered and Reflected Stray Light S d (E). This component is caused by the scattered and reflected X-rays from the entire sky (the CXB, the Earth, and the Sun) by different parts of the spacecraft (e.g., the mast). The scattered or reflected CXB emission could be directly added to the A d (E, x, y) component, while those from the Earth and the Sun are much softer and can be described with a thermal component (∼ 1 keV; typically dominated below ∼ 5 keV). Some weak fluorescence lines can be added to the I d (E) term. Therefore, the primary component of this S d (E) background is made up of the "Solar" emission and has no spatial variation. (4) Focused Cosmic Background f d (E, x, y). Like in other X-ray missions, the focused cosmic background (fCXB) is produced by unresolved foreground/background sources. This component is in general less important for NuSTAR and can only be noticeable below 15 keV. The fCXB background has some spatial variations, which depends on the direction of the observations. For background analysis using nuskybgd, we first define a few (five) background regions (dashed boxes in Fig. 2 ) for each field of view (FOV; for the NE and SW limbs), in order to sample the spatial variation of different background components. These background regions are known to have negligible non-thermal X-ray emission, although thermal emission typically 2 keV does present in the SNR interior (Fig. 1 , e.g., Li et al. 2015 Li et al. , 2016 . We then make instrument maps using the IDL tool nuskybgd instrmap and create detector and background aperture images using projinitbgds. The background spectra are extracted using the PYTHON tool getspecnoarf. We then jointly fit the background spectra extracted from different regions using nuskybgd fitab; this tool simultaneously create background parameter files which will be Fig. 1 . Solid regions (boxes, circle, and ellipse) are used to extract source spectra, while dashed boxes are those used to extract background spectra. The box regions used to extract spectra from the two non-thermal limbs are labeled "1-7". The two point-like sources in the FOV of the SW limb are also labeled "1" and "2".
used to create background images (using nuskybgd image) and background spectra for a source region ( §2.3). The above background analyses are conducted for the NE and SW FOVs separately. Examples of the fitted background spectra in the NE and SW FOVs are presented in Fig. 3. 
Spectral Analysis
For NuSTAR spectral analysis of extended sources, local sky backgrounds may not be accurate enough as they do not account for the spatial variation of some background components ( §2.2). We therefore create simulated background spectra for each source region based on the background spectral parameters obtained in §2.2. This is achieved using the nuskybgd tool nuskybgd spec. We also extract source spectra using the standard HEASOFT tool nuproducts.
The above spectra extraction is adopted for a few source regions as presented in Fig. 2 . Each source region is a 2 ′ × 2 ′ box roughly along the non-thermal limbs. The size of the boxes is significantly larger than the FWHM (Full Width at Half Maximum; 18 ′′ ) or the HPD (Half Power Diameter; 58 ′′ ) of NuSTAR (Harrison et al. 2013) . Therefore, the spectra are not significantly affected by the spilling out photons in the PSF wing or the scattered light from surrounding regions. Below we will discuss the modeling of the spectra extracted from various regions along the non-thermal limbs. The spectra of a few bright point-like sources will be presented in §2.4.
We jointly fit the NuSTAR spectra from this work, the XMM-Newton spectra from Li et al. (2015 Li et al. ( , 2016 , and the 1.37 GHz radio flux measured from the flux-accurate image constructed with both the VLA and GBT data (Dyer et al. 2009 ) with the Interactive Spectral Interpretation System (ISIS; Houck & Denicola 2000) . The spectra or flux in different bands are extracted from the same regions, which are significantly larger than the PSF of each observations. These multi-wavelength spectra are fitted with various non-thermal emission models, with all the physical parameters linked and a constant scaling factor multiplied to each X-ray spectrum in order to account for small uncertainties in the normalization (caused by the bad pixels, CCD gaps, or the empty regions out of the FOV). We fix this constant at 1 for the NuSTAR telescope A and the radio flux, in order to make sure that the joint flux calibration is accurate and not biased by the scaling factor. The scaling factors of NuSTAR telescope B and the XMM-Newton spectra extracted from different instruments (MOS-1, MOS-2, PN) and different observations are all allowed to vary. The best-fit constants of different spectra are in general close to 1, ensuring the accuracy of the cross flux calibration of different data.
Point-like Sources
There are three prominent hard X-ray bright point-like sources detected by the two NuSTAR observations, one in the NE FOV, the other two in the SW FOV (Fig. 2) . The apparently elongated morphology of the SW point source 1 is indeed consistent with the shape of the PSF at the corresponding location . All these three sources have soft X-ray counterparts detected by XMM-Newton, but only the one located in the NE FOV is significantly brighter than the soft X-ray knots of the SN ejecta (Fig. 1) . We cross identify these three sources with online catalogues (such as SIMBAD, Wenger et al. 2000) . Two sources, the NE source and the SW source 1, have multi-wavelength counterparts and are both identified as background AGN (Table 1) . The third source, SW source 2, although seems to have a very faint optical counterpart, is not identified in other catalogues.
These three sources all have harder X-ray spectra than the non-thermal limbs, so we have a few data points above 30 keV which are not too strongly affected by the instrumental lines (Fig. 4) . We extract XMM-Newton spectra from smaller regions than the NuSTAR spectral extraction regions (Fig. 1) , in order to avoid too much contribution from the thermal plasma in the surrounding area, which is not important in the NuSTAR band. We then need to multiply a scaling factor to account for this difference in area scale when jointly analyzing the XMM- (Fig. 2) . The spectra are fitted with a power law (a,c) or broken power (b) plus a thermal plasma (NEI) and background components. The best-fit photon indexes of each source are also marked in the corresponding panel. An additional broadened Fe K line from the accretion disk of a supermassive black hole (kerrdisk) is also needed to fit the spectra of the SW point source 1 (b).
Newton and NuSTAR spectra.
Selected parameters of the X-ray spectral models are summarized in Table 1 . The XMM-Newton and NuSTAR spectra of the NE point source and SW point source 2 can both be well fitted with a single power law plus thermal (described with a NEI model) and background components (Fig. 4a,c) . The power law photon index of the SW point source 2 is consistent with those of X-ray binaries, and since it does not have a bright optical or IR counterpart, it is most likely a Galactic source. The SW point source 1 has much more complicated X-ray spectra which include an additional Fe K line with a broadened low energy wing (Fig. 4b) . This feature can be roughly fitted with a model describing the emission from the accretion disk of a supermassive black hole ("kerrdisk"; Brenneman & Reynolds 2006) . Furthermore, the broad-band non-thermal continuum cannot be fitted with a single power law, and a significant flattening of the spectra at 3.2 keV is clearly revealed by NuSTAR. This source has a near-IR counterpart which is a background galaxy (Table 1) , so most likely to be the AGN of this galaxy.
3. RESULTS FROM SPECTRAL ANALYSIS 3.1. Curvature of synchrotron X-ray spectra We first use a few mathematical models to characterize the overall shape of the broad-band non-thermal X-ray continuum from 0.8 keV to > 10 keV (panels a, b of Figs. 5 and 14) . We characterize the shape of the non-thermal spectra in three ways: (1) use two different power law models to fit the NuSTAR and XMM-Newton spectra, respectively; use (2) a broken power law ("bknpower") or (3) a curved power law model described with the fomula f (x) = norm * (x/x ref ) −γ−β * log 10 (x/x ref ) ("logparabola", where x ref is fixed at 1 keV; Massaro et al. 2004 ) to jointly fit the NuSTAR and XMM-Newton spectra simultaneously.
We fit the spectra extracted from all the box regions in Fig. 2 with these models and present the fitted spectra with the bknpower and log-parabolic models in panels (a,b) of Figs. 5 and 14. The best-fit physical parameters, their 1 σ errors, 
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The sources are cross-identified with SIMBAD (Wenger et al. 2000) , with the closest identifier having a distance of d from the NuSTAR source. Γ 1 and Γ 2 are the photon indexes of the power law or broken power law component. E break is the break energy of the broken power law. Fluxes in different bands (in unit of 10 −13 ergs s −1 cm −2 ) are measured only for the power law or broken power law component after removing the NEI component representing the plasma from the SNR and the background components. For the SW point source 1, we add another component ("kerrdisk"; Brenneman & Reynolds 2006 ) describing the broad Fe K line. As this line has significantly different strength in the XMM-Newton and NuSTAR spectra, we allow the parameters of this component to be different between the two sets of spectra. Since the Fe K line in the NuSTAR spectra is too weak, we only list the dimensionless black hole spin determined with the XMM-Newton data (spin XMM ). F kerr,NuSTAR and F kerr,XMM are the 3-10 keV fluxes (also in unit of 10 −13 ergs s −1 cm −2 ) of the kerrdisk component of SW source 1 measured with the NuSTAR and XMM-Newton data, respectively.
the reduced χ 2 , and degree of freedom (d.o.f.) of each region are summarized in Tables 2 (for the power law model fitting the NuSTAR and XMM-Newton spectra, respectively), 3 (for the bknpower model), and 4 (for the log-parabolic model). In all these spectral analysis, we have adopted foreground absorption column density toward SN1006 (N H fixed at 6.8 × 10 20 cm −2 ; Dubner et al. 2002) . The exact value of N H does not affect the non-thermal X-ray emission at 0.8 keV significantly. We removed the data 20 keV in the NuSTAR spectra, where the synchrotron emission is too weak and the residual background from some strong emission lines at ∼ 20 − 30 keV (Fig. 3 ) make the spectra much more uncertain than those at lower energy. We also remove the data points at 0.8 keV in the XMM-Newton spectra, where the strong oxygen emission lines from a thermal plasma component (much stronger than those in Fig. 4 ) may affect the fitting of the pure non-thermal emission. We add the sky background models described in Li et al. (2015) to the XMMNewton spectra, which are extracted from an annulus out of the SNR and have been rescaled to each regions according to their effective sky area.
In the joint analyses of the spectra with significantly different counting statistics, such as the XMM-Newton and NuSTAR spectra of SN1006, the χ 2 /d.o.f. may not accurately reflect the goodness of the fit in a certain band. As we are more interested in the high energy band poorly constrained in previous observations (typically at 7 keV), we justify the goodness of the model not only by the χ 2 /d.o.f. for the whole spectra, Spectral extraction regions are presented in Fig. 2 . Γ NuSTAR and Γ XMM are the photon indexes obtained by fitting only the NuSTAR and XMM-Newton spectra, respectively. All the spectra have been rebinned to a signal-to-noise ratio of SNR = 5. The spectra are fitted after subtracting various background components ( §2.2). Errors are quoted at 1 σ level.
but also by the presence of any systematical departure of the data from the "best-fit" model. Furthermore, we also regroup the NuSTAR and XMM-Newton spectra with different signalto-noise ratios (S/N = 5 for NuSTAR and S/N = 20 for XMMNewton), so that there will not be too many XMM-Newton data points compared to the relatively few NuSTAR data points. The goodness of the fit in the NuSTAR band could then be reflected by the relatively small change of the χ 2 /d.o.f. in the fitting process. The spectral slope in the NuSTAR band (Γ NuSTAR ∼ 2.9 − 3.4; typically from 3 keV to ∼ 15 keV) is systematically steeper than those in the XMM-Newton band (Γ XMM ∼ 2.5 − 2.7; typically 0.8-7 keV) ( Table 2 ). This systematical bias indicates a significant curvature of the broad-band non-thermal X-ray emission spectra. There seems to be a positive correlation between Γ NuSTAR and Γ XMM for the NE limb, but all regions in the SW limb are compatible with the same spectral slope in both NuSTAR and XMM-Newton bands (Fig. 6) .
In most of the cases, the log-parabolic model fit the broadband X-ray spectra better than a bknpower model (Tables 3, 4 , Fig. 7a) , with the bknpower model tends to overpredict the Xray emission at 8 keV (e.g., Fig. 5a ). This indicates that the broad-band synchrotron emission is curved and more complicated than a broken power law with a single break. -Example NuSTAR (black: telescope A; red: telescope B) and XMM-Newton (green: MOS-1; blue: MOS-2; cyan: PN; only data at > 0.8 keV are included in the fit and plot) spectra of a source region "3" in the NE Limb (Fig. 2) . Similar plots of other regions are included in the appendix (Fig. 14) . The spectra are fitted with different models: (a) broken power law; (b) log-parabolic; (c) srcut; (d) sresc; (e) zira1; (f) zira2, as described in the text. All these models subject to foreground absorption (described with a "wabs" model) with the column density fixed at the direction of SN1006 (N H = 6.8 × 10 20 cm −2 ; Dubner et al. 2002) . Each spectrum (except for NuSTAR telescope A) is also renormalized by a scaling factor close to 1 in order to account for the small calibration bias. Best-fit parameters of different models are summarized in Tables 2 -6.   TABLE 3 BEST-FIT PARAMETERS OF THE BKNPOWER MODEL 
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Parameters of the broken power law model (bknpower) obtained by jointly fitting the NuSTAR and XMM-Newton spectra (panel a of Figs. 5 and 14). The NuSTAR spectra have been rebinned to a signal-to-noise ratio of SNR = 5, while the XMM-Newton spectra have been rebinned to a signal-to-noise ratio of SNR = 20. Γ 1 and Γ 2 are the photon indexes below and above the break energy E break . Zirakashvili & Aharonian (2007) . We adopt the two analytical forms described in Miceli et al. (2013) , with slightly different parameters depending on whether the magnetic field downstream is compressed by a factor κ = √ 11 ("zira2") or not ("zira1") with respect to upstream. We have fixed the normalization of the srcut and sresc models at the radio flux extracted from the flux accurate image of Dyer et al. (2009) , so all these four models have just two free physical parameters (plus a constant scaling factor of each spectra which is ≈ 1, except for NuSTAR telescope A): the radio spectral index α and cutoff frequency ν cutoff (converted to energy unit E cutoff for the convenience of comparison) of srcut and sresc, and the cutoff energy (E cut ) and normalization of zira1 and zira2. The best-fit spectra are presented in panels (c-f) of Figs. 5 and 14, while the model parameters are listed in Tables 5 and 6 .
In most of the regions, the srcut, sresc, and zira2 models fit the broad-band non-thermal X-ray spectra almost equally well, and slightly better than the zira1 model (Fig. 7b) , which usually tends to underpredict the X-ray emission at kT 8 keV (Fig. 5e ). But in a few regions (SW 4-7), neither of the two loss-limited models (zira1 and zira2) could fit the spectra as well as the srcut and sresc models. The results are apparently inconsistent with Miceli et al. (2013) , who found that the loss-limited models always give better fit to the XMM-Newton spectra than the escape-limited models. The spectral extraction regions adopted in the present paper are much larger than those adopted in Miceli et al. (2013) , because of the much lower angular resolution of NuSTAR. Since Miceli et al. (2013) focus on the brightest non-thermal filaments, we may conclude that synchrotron radiative loss is only important in X-ray band in limiting the particle acceleration at the brightest filaments.
3.3. Curvature of the electron energy spectrum We further examine if the broad-band non-thermal emission from radio to hard X-ray can be described with the synchrotron emission of the same CR electron population. In order to fit the NuSTAR and XMM-Newton X-ray spectra together with the radio flux extracted from the flux accurate image of Dyer et al. (2009) , we adopt the default built-in electron PDF of the non-thermal module of ISIS, which is responsible for the synchrotron emission from radio to X-ray (Allen et al. 2008) . The PDF has the form of:
where the index f (p, a) is:
, n is the electron number density, p = γmv (γ, m, and v are the Lorentz factor, rest mass, and velocity of the particle), A is the normalization of the PDF in unit of p
where c is the light speed, p cutoff is the cutoff momentum, Γ and a characterize the slope and curvature of the PDF, respectively. We fit the broad-band radio-X-ray spectrum with a synchrotron emission model of a population of CR electrons with a PDF described by Equ. 1. For a given spectrum, the total magnetic field strength (B tot ) in the synchrotron emission model and the cutoff momentum in the PDF (p cutoff ) are not independent (e.g., Allen et al. 2008) . We therefore need to fix one of them. There are in general two components of the magnetic field in SN1006: a large scale ordered Galactic component along the SW-NE direction or roughly parallel to the Galactic plane (so the non-thermal limbs has a polar cap geometry) and a highly disordered and turbulent component at the two non-thermal limbs which is likely responsible for the particle acceleration (Reynoso et al. 2013) . The strength of the disordered component in the post shock region is poorly constrained from multi-wavelength observations (e.g., Dyer et al. 2001; Allen et al. 2001; Aharonian et al. 2005) , but is in general ∼ 100 µG based on recent estimates with various methods, such as the thickness of the shock compressed filaments or the broad-band spectral analysis (e.g., Parizot et al. 2006; Morlino et al. 2010; Acero et al. 2010; Helder et al. 2012; Berezhko et al. 2012 ). We therefore arbitrarily fix B tot at 100 µG in our analysis. We examine two sets of models, with or without a curvature in the PDF (i.e., a = 0 or set free, named as "default" or "curved"). An example of the best-fit spectra (only X-ray spectra are presented for clarity, the 1.37 GHz radio flux is always well fitted) are presented in Fig. 8 and the best-fit model parameters are listed in Table 7 . As the best-fit spectra are very similar as those fitted with an srcut model, we do not present fitted spectra of other regions.
The radio flux and X-ray spectra can both be well fitted with such a synchrotron emission model simultaneously, indicating that they are produced by a single CR electron population. In most of the regions, the synchrotron emission of a curved or default PDF fit the spectra equally well (Fig. 7c) . We also found a tight correlation of the best-fit curvature and index of the PDF (Fig. 9) , and the curvature is very close to zero. Therefore, we do not find strong evidence of a curved PDF in the 2 ′ × 2 ′ spectral extraction regions on the non-thermal limbs of SN1006, which has been claimed for smaller regions based on the radio spectra and higher resolution Chandra data at 7 keV (Allen et al. 2008) . However, cautions need to be made that since we only have radio flux measurement at one frequency, there is no constraint on the radio spectral slope. Furthermore, the spectral slope obtained in srcut or sresc models ( 0.5) is always flatter than the average radio spectral index over the entire SNR (≈ 0.6, e.g., Dyer et al. 2001; Rothenflug et al. 2004; Allen et al. 2008 ). This may explain the difference between our results and what has been found by Allen et al. (2008) . Accurate and high-resolution flux measurements at a few different frequencies in GHz band Table 3 , but for the parameters of the srcut and sresc models obtained by jointly fitting the NuSTAR and XMM-Newton spectra (panels c,d of Figs. 5 and 14). α is the radio spectral index, while E cutoff is the cutoff energy of the photon spectra.
are needed to better characterize the broad-band synchrotron spectrum in SN1006.
4. DISCUSSIONS 4.1. Shape of the broad-band synchrotron emission and CR energy distribution Standard diffusive shock acceleration (DSA) theory predicts the index of the energy spectrum of the accelerated particles to be Γ = 2 with a shock compression ratio of r = 4 (e.g., Blandford & Eichler 1987) . In recent years, it has been noticed that CRs could not be simply regarded as test particles, but must carry non-negligible amount of energy and pressure and actively participate the shock dynamics (e.g., Blandford & Eichler 1987; Caprioli 2012) . Such non-linear theories of DSA predict back-reaction of the accelerated particles which form a precursor in the upstream and slow down the fluid. The net effect is that higher energy particles "feel" a larger compression ratio and are accelerated more efficiently. The resultant PDF is thus concave, with an index Γ > 2 at low energy and Γ < 2 at high energy.
Such a concavity in the PDF has not yet been clearly evidenced at high confidence level. Allen et al. (2008) made use of the radio and Chandra X-ray observations of SN1006 to find that the synchrotron spectrum extracted from much smaller regions than what have been adopted in the present paper seem to flatten with increasing energy. For comparison, we have obtained an index of the "default" PDF for the NE limb typically in the range of 1.9-1.95 with a mean value of Γ = 1.927
−0.008 (Γ = 1.919
−0.009 for the SW limb; 1-σ confidence; Table 7 ), which is even lower than the value of Γ = 2.073 +0.021 −0.020 (90% confidence) obtained from the Chandra and radio data also for the NE limb by Allen et al. (2008) . This is probably because we have included the higher energy NuSTAR data in the analysis which makes the CR energy spectra even flatter. Γ in all of the regions based on the "default" PDF is also lower than the expected value (2.0) from the standard DSA. These flat synchrotron spectra are apparently consistent with the above scenario of non-linear DSA, but we do not find a significant concavity of the PDF as claimed by Allen et al. (2008) . Oppositely, the synchrotron emission spectrum shows significant curvature as indicated , but in this figure the spectra from X-ray (NuSTAR and XMM-Newton) and radio (only one data point at 1.37 GHz, which is always well fitted) are jointly fitted with a synchrotron emission model of a power law distribution of electron energy with an exponential cutoff ("default particle distribution"). Only X-ray spectra are presented for clarity. In panel (b), we further add a free parameter of curvature to the power law distribution of electron energy ("curved particle distribution"). Best-fit parameters are summarized in Table 7 . by the mathematical models in §3.1. Nevertheless, the scatter of the curvature a of the PDF in Equ. 1 is too large and on average either negative, or more conservatively to say, not inconsistent with no curvature (the mean value for the NE/SW limb is a = −0.032
−0.020 /a = −0.075
−0.027 at 1-σ confidence compared to Allen et al. 2008 's value of 0.054 ± 0.006 at 90% confidence for the NE limb; Fig. 12c, Table 7 ). Furthermore, we also find a strong dependence of a on the index Γ of the PDF (Fig. 9) , suggesting that we cannot simultaneously well constrain these two parameters with the current radio/X-ray spectra. Since the "default" PDF can fit the data equally well as the "curved" PDF, we conclude that the apparently curved synchrotron emission is a natural result of the synchrotron (Fig. 8b) . Contours from inner to outer are at 1 σ (68.3%; red), 1.64 σ (90%; green), and 3 σ (99.73%; blue) confidence levels.
emission of an exponentially cutoff PDF with no significant concavity or curvature. Miceli et al. (2013) analyzed the same XMM-Newton dataset as adopted in the present paper, but extracted spectra from some smaller regions covering the brightest filaments in the non-thermal limbs. They found that the loss-limited models (zira1 and zira2) in general give better fit to the XMMNewton spectra than the srcut model. This is a good evidence for efficient synchrotron radiative loss which may change the shape of the non-thermal spectrum, at least in the brightest fil- 
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Parameters of the synchrotron emission model with exponentially cutoff power law (default) or curved particle distributions obtained by jointly fitting the X-ray (NuSTAR and XMM-Newton) and radio data (an example of the best-fit spectra are presented in Fig. 8 ). Γ is the index of the power law particle distribution function, E cutoff is the exponential cutoff energy of the particle distribution function corresponding to the cutoff momentum p cutoff , a is an additional parameter describing the curvature of the particle distribution function (Equ. 1). The magnetic field has been fixed at 100 µG because it is directly linked to E cutoff .
aments. However, we do not obtain the same result, as the srcut (or sresc) model always gives a slightly better fit to the Xray (XMM-Newton and NuSTAR) spectra than the loss-limited models (Fig. 7b) . This is probably because we have extracted spectra from larger regions including those with less efficient synchrotron loss. Alternatively, a stronger non-linear effect at higher energy (NuSTAR band) may flatten the synchrotron spectrum, and make the loss-limited models underpredict the synchrotron emission at high energy (the e and f panels of Figs. 5, 14) . The shape of the PDF can be affected by many processes. As discussed above, the non-linear DSA tends to produce a concave PDF with a > 0, inconsistent with our observed value of a 0. However, other processes may mitigate or even remove the curvature. These processes include, but not limited to: efficient synchrotron radiative cooling at high energy (e.g., Zirakashvili & Aharonian 2007) , density inhomogeneities in the downstream (e.g., Fraschetti et al. 2018) , turbulent heating in the CR precursor (e.g., Berezhko & Ellison 1999) , and enhanced magnetic field amplification induced by CR streaming in the upstream and the corresponding reduced compressibility of the plasma (e.g., Caprioli et al. 2009; Caprioli 2011 ).
Spatial variation of non-thermal emission parameters
We present the azimuthal variation of various spectral model parameters along the non-thermal limbs in Figs. 10, 11 , 12. The mathematical models indicate that the non-thermal spectrum is in general flatter (smaller photon index Γ for bknpower and γ for logparabola) in the center of the NE limb (region 4) and becomes steeper at larger azimuthal angles (from 4 to 1 or 4 to 7; Fig. 10 ). The spectra also tend to be flatter in the NE limb than in the SW limb. On the other hand, the other parameters of the mathematical models, such as the break energy of bknpower and curvature β of logparabola, do not show significant azimuthal variations. The steepening of the non-thermal spectra from the center of the limb to large azimuthal angles, however, could be explained by a higher cutoff energy instead of a smaller photon index of any physical models in the center of the limb (the photon index α is indeed larger in the center, Fig. 11 ; also revealed in previous works: e.g., Rothenflug et al. 2004; Miceli et al. 2009 Miceli et al. , 2014 Miceli et al. , 2016 . This is also consistent with the shape of the PDF, i.e., both higher cutoff energy E cutoff and steeper slope Γ in the center of the limb where the particle acceleration seems the most efficient (Fig. 12d,e) . E cutoff and Γ are in general positively correlated with each other (Fig. 13) . Consistent with discussed in §4.1, this correlation suggests that when the turbulent magnetic field is stronger (Reynoso et al. 2013 ) and the CR acceleration is the most efficient, the non-linear effect tends to be the most significant, making the particles accelerated to higher energy. In the mean time, the PDF becomes steeper which may be a result of many processes as listed at the end of §4.1.
SN1006 is close enough that proper motion measurements over a timeline of ∼ 10 yrs has led to an accurate measurement of the expansion velocity of a few bright filaments (e.g., Katsuda et al. 2009; Winkler et al. 2014) . In this paper, based on the relatively low-resolution NuSTAR data, we are discussing the synchrotron emission in much larger regions than the width of the filaments with expansion velocity measured, so we do not have a quantitative comparison between the synchrotron emission parameters and the expansion velocity. Nevertheless, the overall trend of the azimuthal variations of the cutoff energy of the PDF and the expansion velocity seems quite different from what has been found in the Tycho's SNR, where they show a clear positive correlation which indicates that the CR acceleration is age-limited instead of loss-limited in this much younger and also Type Ia SNR (Lopez et al. 2015) . Oppositely, the cutoff energy of the PDF in SN1006, at least in the NE limb, seems to be anticorrelated with the expansion velocity (Winkler et al. 2014) . Further investigations of the spatial variations and the relation between the cutoff energy and the shock velocity require high resolution maps of the synchrotron emission parameters which could resolve individual filaments. Right now based on the NuSTAR data, we speculate that the efficient CR acceleration in the non-thermal limbs may have decelerated the shock significantly, producing the apparent anti-correlation between the cutoff energy and the expansion velocity. This idea is supported by the fact that the highest expansion velocity is observed along the southeast periphery of the SNR, where little non-thermal emission has been detected (Winkler et al. 2014) . We do not find any significant correlations between the radio (or hard X-ray) flux and the spectral fitting parameters (such as the cutoff frequency of srcut) as revealed by previous works (e.g., Katsuda et al. 2010; Li et al. 2015) . This is probably because the low angular resolution of NuSTAR has smoothed the small scale variation (as small as the size of the filaments) of synchrotron emission parameters.
The cutoff energy in both the emission spectrum and the PDF are significantly higher in the NE limb than in the SW limb (Figs. 11b,d ,e,f, 12e), apparently indicating that the particle acceleration is more efficient in the NE limb. Furthermore, we have also noticed that the slope of both the emission spectrum and the default PDF in SW regions 1-3 is systematically flatter than those in regions with similar angular distances from the center of the limb (Figs. 11a,c, 12d ). The χ 2 /d.o.f. of any models of these three regions is also systematically higher than other regions (Fig. 7) , with nearly all of the models underpredict the X-ray emission at 8 keV (Fig. 14) . The SNR shocks in these regions have been reported to interact with an H I cloud, producing slighly increased absorption column density and decreased cutoff frequency (Miceli et al. 2014) . It is thus likely that the encounter of a high density cloud in the northern part of the SW limb has significantly slowed down the shock (consistent with proper motion measurements of the non-thermal filaments, e.g., Winkler et al. 2014) and made the particle acceleration less efficient. In the mean time, the interaction with the cloud has created some non-linear effects, making the PDF flatter and the radiative cooling less efficient.
4.3.
Compare with γ-ray observations Type Ia SNRs are typically not strong γ-ray emitters because of the relatively low ambient density. SN1006 is one of the few Type Ia SNRs well resolved in both TeV by groundbased Cherenkov Telescopes (e.g., Acero et al. 2010) and in GeV by Fermi LAT (e.g., Xing et al. 2016; Condon et al. 2017) .
Our NuSTAR observations for the first time confirm that the energy distribution of the CR electrons responsible for the synchrotron X-ray emission beyond 10 keV does not show a significant concavity or curvature, and could be described with a single power law with an exponential cutoff. The emission spectrum, however, is significantly steeper than those in GeV (Γ ≈ 1.79, Condon et al. 2017) and TeV (Γ ≈ 2.3, Acero et al. 2010 ) bands (Fig. 6) . Therefore, although a pure leptonic scenario based on inverse Compton (IC) emission of the same electron population can well describe the GeV spectrum, it tends to under-predict the emission at TeV (Acero et al. 2010) . On the other hand, a pure hadronic model requires a flatter proton spectrum than the electron spectrum in order to match the flatter TeV emission spectrum. The required magnetic field is also consistent with our assumptions of B tot ∼ 100 µG. However, such a model requires a very large fraction (∼ 20%) of the SN energy goes into CRs, which is close to the upper limit, if not unexpected. A mixed model, with the leptonic component dominating the low-energy γ-ray Tables 5 and 6. range [typically (0.1 − 1) TeV], and the hadronic component (via the decay of π 0 meson) dominating the higher energy range, is probably more reasonable to describe the broadband non-thermal spectrum (Acero et al. 2010 ). Such a model requires an even higher cutoff energy of the CR protons than the pure hadronic model, which is ∼ 100 TeV, or more than 10 times of the cutoff energy of CR electrons as revealed by our X-ray observations (Table 7) . The maximum energy of CR electrons is thus likely largely limited by synchrotron radiative loss which does not affect the CR hadrons.
Although the TeV morphology of SN1006 seems roughly symmetric (Acero et al. 2010) , the GeV emission is much stronger in the NE limb than in the SW limb, with the latter not even firmly detected (Condon et al. 2017) . Although the CR electron populations responsible for the GeV (via IC loss) and hard X-ray emissions (via synchrotron loss) may not be exactly the same, the significant asymmetry in GeV flux is in general consistent with our X-ray measurements, which indicates much lower cutoff energy in the SW limb probably due to the interaction with the denser ISM in this direction (Fig. 12e) . The significant difference in the GeV flux and the consistency of the TeV spectra in the NE and SW limbs are difficult to be explained with a single leptonic or hadronic scenario.
SUMMARY AND CONCLUSIONS
We present deep NuSTAR observations of the NE and SW non-thermal limbs of the Galactic SNR SN1006. We discover three sources with X-ray emission detected at 50 keV. Two of them have significant multi-wavelength counterparts and are identified as background AGN, while one is not identified with online catalogues and is likely a Galactic source. We also extract the NuSTAR spectra from a few regions along the non-thermal limbs and jointly analyze them with the XMMNewton spectra at kT 0.8 keV and the radio data corrected for the missing flux. Below we summarize our major results and conclusions on the non-thermal emission from the two limbs:
• The X-ray spectral slope is clearly steeper in the NuSTAR band than in the XMM-Newton band. The broad-band X-ray spectra cannot be characterized with a power law with just a single break. Instead, they can be characterized with a curved power law model ("logparabola"). When fitted with a synchrotron emission model, however, the shape of the broadband X-ray spectra is consistent with the synchrotron emission from a single population of CR electrons with a power law energy distribution and an exponential cutoff. The power law index of the PDF is typically 1.88 − 1.95 for both limbs, but the cutoff energy is significantly higher in the NE limb (∼ 7.5 TeV v.s. ∼ 6.0 TeV), assuming the same magnetic field of ∼ 100 µG. The data presented in this paper, with the radio flux only measured at one frequency, do not support a significant variation of the slope of the PDF at different energies on a scale of ∼ 2 ′ , although a concavity of the PDF is previously claimed with the radio spectra and the higher-resolution Chandra data.
• The loss-limited models do not provide a better fit to the non-thermal X-ray spectra than the escape-limited models, as
12.-Azimuthal viariation of the parameters of the synchrotron emission model with default ("default sync") or curved ("curv sync") particle energy distributions fitted to both the X-ray and radio spectra. The best-fit spectra are presented in Fig. 8 , while the model parameters are listed in Table 7. FIG. 13.-Index (Γ) and cutoff energy (E cutoff ) of the "default" PDF.
suggested by Miceli et al. (2013) in the study of a few brightest non-thermal filaments. In some regions in the SW limb, the loss-limited models always under predict the X-ray emissions at 8 keV. Because of the lower angular resolution of NuSTAR, we have to extract spectra from larger regions covering both the highly structured filaments and the diffuse non-thermal emission from the limbs. Therefore, we conclude that synchrotron radiative losses are only important in the Xray band in limiting the particle acceleration at the brightest filaments, which apparently have the most compressed and amplified magnetic field so the highest cooling rate.
• Some of the synchrotron emission parameters show significant spatial variations. The broad-band X-ray spectrum is in general flatter in the center of the NE and SW limbs and becomes steeper at larger azimuthal angles. The flatter emission spectrum in the center of the limb, however, is caused by a significantly higher cutoff energy of the CR electron PDF, instead of a flatter slope of the PDF. The cutoff energy also seems to be anti-correlated with the expansion velocity measured from the proper motion of some filaments. This trend is opposite to what has been found in the Tycho's SNR. In addition to the gradual azimuthal variation, we also find that the slopes of both the emission spectrum and the PDF are significantly smaller in three regions in the SW limb where the shock encounters a higher density ambient medium. Nearly all of the models underpredict the X-ray emission at 8 keV in these three regions, indicating a more complicated PDF of the accelerated CRs. Furthermore, the NE limb shows significantly higher cutoff energies in the PDF than the SW limb, indicating more efficient particle acceleration, which is consistent with the much brighter GeV γ-ray emission on this side. On the other hand, the TeV emission, which is largely contributed by the hadronic emission, is much more symmetric on the two non-thermal limbs. The morphology of the broadband non-thermal emission indicates that the asymmetry in the ambient medium and magnetic fields may have largely modified the leptonic CR emissions. 
